The sequence of phase transitions due to octahedral tilting across the Sr(Zr,Ti)O 3 solid solution series has been investigated by resonant ultrasound spectroscopy at high and low temperatures using ceramic samples. The elastic behaviour associated with phase transitions as a function of composition in Sr(Zr,Ti)O 3 at room temperature is proposed to be analogous to that as a function of temperature in what is assumed to be I mma, appear to have stability fields across the full compositional range and both show large dissipation effects, most probably due to twin wall mobility. In contrast, the Zr-rich Pnma phase, which should contain transformation twin walls, is an unexpectedly stiff and non-dissipating material, similar to the high temperature and/or Ti-rich Pm3m phase. In the case of Pnma, this is attributed to coupling between the two order parameters, which could impede relaxation responses to an applied stress. The Pm3m structure is a classically stiff cubic perovskite and no transformation-related dissipation processes are expected.
Introduction
Perovskites (ABO 3 ), in addition to undergoing temperaturedependent phase transitions, very often exhibit compositiondependent transitions at constant temperature and/or pressure. These transitions occur when there is substitution of a different cation onto the A-and/or B-site. For example, in the (Ca,Sr)TiO 3 system transition temperatures are lowered by substitution of Ca with Sr so that orthorhombic, tetragonal and cubic crystals can be stable at room temperature (Ball et al 1998 , Qin et al 2000 , Harrison et al 2003 , Carpenter et al 2001 . Thus composition has become widely identified as a key variable parameter, whether in the context of engineering PZT electroceramics to have optimal properties, or in the context of understanding the properties of (Mg,Fe)SiO 3 in the Earth's lower mantle.
The primary objective of the present study was to investigate the effects of both temperature and composition on the elastic anomalies which accompany phase transitions that are, in principle, due to pure octahedral tilting transitions. In the accompanying paper (McKnight et al 2009) , the elastic behaviour due to the pure tilting sequence of displacive phase transitions as a function of temperature in SrZrO 3 is presented. Here, attention is switched to elastic behaviour of the SrZrO 3 -SrTiO 3 solid solution series in which Ti is substituted for Zr. The work is complementary to that of Walsh et al (2008) on the (Ca,Sr)TiO 3 system although, in the present case, the cation substitution is on the B-site rather than on the A-site.
Resonant ultrasound spectroscopy (RUS) data are presented relating to the elastic anomalies and dissipation behaviour as a function of temperature across all compositions in the solid solution in order to determine whether the transition sequence as a function of composition at constant temperature is analogous to that as a function of temperature at constant composition. In the background, also, is the analogy with similar hierarchies of phase transitions in systems such as BaTiO 3 (e.g. Cheng et al 1994 , Zhang et al 1994 , in which transitions are driven by ferroelectric displacements rather than octahedral tilting.
(Ca,Sr)TiO 3 is a displacive system with a characteristic hierarchy of transitions, Pm3m ↔ I 4/mcm ↔ Pnma, due to octahedral tilting. The Sr(Zr,Ti)O 3 system is of additional interest as there is an intermediate phase, I mma, known to occur in SrZrO 3 (Howard et al 2000) which is not observed in CaTiO 3 . The SrZrO 3 and SrTiO 3 end members have also been well characterized by diffraction methods, and there is therefore good structural information against which an interpretation of the elastic behaviour can be set. SrZrO 3 undergoes a sequence of transitions as a function of temperature, from the parent cubic Pm3m phase, through tetragonal I 4/mcm and orthorhombic I mma phases, to the orthorhombic Pnma phase at room temperature (Kennedy et al 1999 , Howard et al 2000 . The SrTiO 3 end member is well known to be cubic Pm3m down to ∼106 K, where it transforms to tetragonal I 4/mcm (e.g. Hayward and Salje 1999) .
Although SrZrO 3 and SrTiO 3 have been characterized in some detail, little is known about their solid solution and transitions as a function of composition. Wong et al (2001) carried out an investigation across the compositional range using neutron and synchrotron diffraction. A transition from orthorhombic to tetragonal symmetry at approximately SrZr 0.6 Ti 0.4 O 3 was determined using the presence of weak superlattice reflections in the x-ray powder diffraction profiles. The 021 and 122/212 reflections, near 2θ = 33
• and 41
• (Cu Kα radiation) or 17.0 • and 21.5
• (synchrotron radiation, wavelength 0.8Å), which Wong et al (2001) suggest are 'indicative of orthorhombic symmetry', are observed only in compositions with less than 40 mol% SrTiO 3 . Above 40% SrTiO 3 content, the structure determined from neutron diffraction profiles was refined to be tetragonal in I 4/mcm. There is then a transition from tetragonal to cubic at approximately SrZr 0.05 Ti 0.95 O 3 . This was determined based on the disappearance of the 121 reflections (at 2θ ≈ 40
• ) in the neutron diffraction profiles, which Wong et al (2001) state 'are good indicators of tetragonal symmetry'. Peak splitting of the 202/022-type reflections was also observed in low symmetry structures, but this was not used to determine exact transition compositions as the splitting could not be resolved for any compositions with more than 20 mol% SrTiO 3 , even using synchrotron data.
Experimental details

Sample synthesis
Powder samples of different compositions across the solid solution series were initially made by Wong et al (2001) for the purposes of neutron and x-ray diffraction experiments. Synthesis of these powders was achieved by mixing highpurity SrCO 3 , TiO 2 , and ZrO 2 in the appropriate stoichiometric ratios in an acetone slurry and grinding by hand, using an agate mortar and pestle, until dry. The homogeneous solid mixtures were then compressed in alumina crucibles and heated in air at 800
• C for 24 h, 1200
• C for 24 h, and finally 1400
• C for 96 h with periodic regrinding, mixing and pressing. The powders described by Wong et al (2001) and used here to prepare parallelepipeds for RUS contained 25, 45, 55, 65, 72.5, 77.5, 87.5, 90, 95, and 97 .5% SrTiO 3 . All compositions are specified below by recording their SrTiO 3 content in this way, though the % is dropped for convenience.
The synthesis process described by Wong et al (2001) was used to try and prepare samples with some other compositions (10, 20, 30, 35, 37.5, 40, 42.5 and 92.5) . Characterization of the final samples by x-ray diffraction, however, revealed that the powders were two-phase mixtures of SrZrO 3 and SrTiO 3 rather than being single homogeneous phases across the solid solution. A further heat treatment involving annealing compacted pellets of each powder for 48 h at 1600
• C was found to induce complete chemical homogenization so the final process to make each of the new powder samples was as follows:
Step 1: Powder samples synthesized following the method of Wong et al (2001) .
Step 2: Ball milled at 600 rpm for 60 min in an agate ball mill with acetone.
Step 3: Pressed into 2 pellets using approximately 5 g powder for each, under a vacuum, with ∼2500 psi (≈17.2 MPa) uniaxial pressure in a bench-top press for 5 min.
Step 4: Pellets annealed in a horizontal resistance furnace with a sequence of heating and cooling stages: (a) Heat from 20 to 1550
• C at a rate of 10 • C per minute. (b) Dwell at 1550
• C for 2 h. (c) Heat from 1550 to 1600
• C at a rate of 5 • C per minute. (d) Dwell at 1600
• C for 48 h. (e) Cool from 1600 to 20
• C at a rate of 3 • C per minute.
Step 5: Pellets ground by hand in acetone in an agate pestle and mortar until they were dry and the consistency of a smooth powder.
Step 6: Structural states of powders checked using x-ray diffraction.
All of the final homogeneous powders, i.e. those made by Wong et al (2001) and the rest made specifically for this study, were finally ground in a agate ball mill in acetone at 600 rpm for 60 min. Approximately 4 g of powder was used to make a pellet of each composition, which was pressed in a standard cylindrical IR pellet die (diameter 13 mm) under vacuum with a uniaxial pressure of approximately 2500 psi (≈17.2 MPa) for 5 min. The pellets were then annealed with the same heating and cooling sequence as in Step 4 above.
After annealing, several parallelepipeds with approximate dimensions of 2 mm × 3 mm × 4 mm were cut from each cylindrical pellet using a fine annular diamond saw, lubricated with paraffin. Parallelepipeds were examined under a reflected light microscope to check for visible cracks. Samples without any obvious cracks were the ones selected for RUS experiments. Offcuts of each pellet were ground by hand in an acetone slurry, using an agate pestle and mortar, for final characterization by powder x-ray diffraction. The precise dimensions, mass and density of all samples used for RUS measurements are shown in table 1. Parallelepipeds used for RUS had densities that were consistently greater than 92% of their theoretical densities, as determined from their edge dimensions and mass. Theoretical densities were calculated using a straight line fit (vol = 69.19 − 9.9035x, where x is the mole fraction of SrTiO 3 ) through the lattice parameter data of Wong et al (2001) , fixing the intercept at the SrZrO 3 end at 69.19Å, which is the primitive unit cell volume determined from the room temperature values of the reduced lattice parameters plotted in figure 3 of Howard et al (2000) . Samples with compositions 37.5, 40, 42.5 and 92.5 were only synthesized as far as Step 4 above and it was discovered during experimentation that these had much lower densities (∼70-85% of the theoretical density). The high temperature RUS data for these samples has still been used in the following analysis, as transition temperatures and the temperature dependence of Q −1 should not be affected by porosity. Parallelepipeds with compositions 37.5 and 40% SrTiO 3 were, however, remade following the full synthesis process in order to obtain room temperature data for samples with densities greater than 92%. The synthesis routes followed for each parallelepiped used in this study are detailed in table 2.
The pure SrZrO 3 end member sample is described in the accompanying paper on the phase transition sequence in SrZrO 3 (McKnight et al 2009) . The pure SrTiO 3 end member sample was the CST100/1 RUS parallelepiped used by Walsh et al (2008) in their study of elastic anomalies in (Ca,Sr)TiO 3 perovskites.
RUS data collection and analysis
RUS spectra were collected initially at room temperature for all the parallelepipeds cut for each composition. Each was measured in the frequency range 200-1200 kHz in 4 different orientations to ensure that all resonances were excited and observed.
High temperature experiments were carried out on samples with compositions 0, 10, 20, 25, 30, 35, 37.5, 40, 42.5, 45, 55, 65, 72.5, 77.5, 87.5, 90, 92.5, and 95% SrTiO 3 . Each parallelepiped was heated from room temperature in 30 K steps to well above the point at which the cubic-tetragonal transition was expected to take place. Samples with less than 35% SrTiO 3 were heated to above 1450 K, compositions from 37.5 to 77.5 were heated to above 1070 K, and compositions greater than 77.5 were heated to above 685 K. All samples were then cooled in smaller steps (5-10 K) with the temperature interval decreased further (1-2 K) in the regions where transitions were expected to take place. At each temperature step, samples had an appropriate equilibration time according to the heating/cooling rate: steps of 30 K had 15-30 min for equilibration, 10 K steps had 15 min, 5 K steps had 10 min, and 1-2 K steps had 5 min. After every equilibration, a resonance spectrum was collected for frequencies in the region 200-1200 kHz with 50 000 data points. Spectra collected during cooling were used for the detailed analysis and spectra collected during heating were used simply to check for the reversibility of the transitions.
Low temperature experiments were carried out on compositions 0, 77.5, 90, 97.5, and 100. Samples were cooled in 20-40 K steps down to 10 K, except for the pure SrZrO 3 sample (composition 0) which was only cooled to 153 K. Spectra were collected during heating back to room temperature in 5 K steps, which were reduced to 1 K increments in the vicinity of temperatures where transitions were expected to occur. An appropriate settle time was used for each temperature step: steps of 20 K had 15 min, 5 K steps had 10 min, and 1 K steps had 5 min. Spectra were collected in the frequency region 200-1500 kHz with 50 000 data points.
The RUS apparatus used for these experiments, the calibration of high temperature data, and the methods used for analysis of the RUS spectra collected, including measuring the quality factor, Q, and determining best fits for bulk and shear moduli (K and G respectively) using the DRS software (Migliori and Sarrao 1997) 
Results
Room temperature phase transitions
Peak frequencies in the initial room temperature spectra for all compositions were measured for all orientations. These values were used to obtain fits for K and G at room temperature across the solid solution series. Porosities, as a percentage for each sample, were determined by comparing actual densities to theoretical densities (table 1) . Values of K and G for parallelepipeds with density >90% were then corrected using the equations of Ledbetter et al (1994) to estimate values for samples with 100% density. It is not reasonable to apply the same correction to values for samples with density <90%. The complete data set (corrected and uncorrected) is included in table 1 and values corrected for porosity are displayed in figure 1(a).
Typical RMS (root mean square) errors for all fits were 0.1-0.2%, which implies a very good fit (Migliori and Sarrao 1997) . Uncertainties in the elastic moduli were typically ∼0.05% for G and ∼0.5% for K , except for composition 90, which was cracked and did not yield a unique fit. Similarly to what is seen in SrZrO 3 (McKnight et al 2009) , values for G are much better constrained than for K . The relatively larger error in K can also be seen in the scatter of the data in figure 1(a).
Values of K and G, corrected for porosity, (figure 1(a)) display evidence of four distinct phases across the compositional range at room temperature. Their evolution as a function of composition is similar to that seen as a function of temperature in the pure end member SrZrO 3 (compare figure 1(a) with figure 2(c) of McKnight et al (2009) ). Within the stability range of the Pnma structure, as specified by Wong et al (2001) , K and G are more or less constant. There is a small discontinuity or change in slope of G between 42.5 and 45, which is estimated to be where the Pnma structure transforms Table 1 . Summary of mass, dimensions, densities and the fitted values of the bulk modulus, K , and shear modulus, G, (both uncorrected and corrected for porosity) for all parallelepipeds used in high and low temperature RUS measurements. Theoretical densities have been calculated using the relative atomic mass (RAM) and the primitive unit cell volume for each composition. The unit cell volume was determined from a straight line fit through the data of Wong et al (2001) , which was constrained to pass through 69.19Å for pure SrZrO 3 (Howard et al 2000) . −1 for all compositions measured using the high temperature RUS head after heating and cooling cycles, except for compositions 97.5 and 100 which were measured on the low temperature RUS head after cooling and reheating. Compositions at which changes in structure are interpreted to occur are marked in both (a) and (b) as dotted lines and the supposed space groups of each phase are labelled.
to a higher symmetry phase. This is approximately the same composition at which Wong et al (2001) observed the reflections 'indicative of orthorhombic symmetry' to disappear from synchrotron diffraction profiles. There is a noticeable softening (decrease) of ∼15 GPa in G (and probably also in K ) between compositions 45 and 65. Between 65 and 72.5, the evolution of the elastic moduli is consistent with a similar dip to that seen in pure SrZrO 3 , where the I mma ↔ I 4/mcm transition occurs. There is a stiffening (increase) of ∼20 GPa in G from 72.5 to 90 and then an abrupt discontinuity between 90 and 95, at which point the I 4/mcm ↔ Pm3m transition is assumed to occur. This is also the composition at which Wong et al (2001) reported seeing reflections which 'are good indicators of tetragonal symmetry' disappear. In the compositional region between 95 and 100, the moduli are much stiffer (i.e. larger) than for all other phases (by up to 40 GPa) and G of the Pnma phase is noticeably stiffer than for either of the two intermediate phases (by up to 20 GPa). In this plot the y-axis is amplitude but the spectra have been displaced in proportion to the temperature at which they were collected. This temperature scale is then shown as the y-axis. This composition is representative of all compositions between 0 and 42.5, which are Pnma at room temperature ( figure 1(a) ) and show three high temperature structural phase transitions (figure 6). The highest temperature transition ( Pm3m ↔ I 4/mcm at 1198 K) is marked by a sudden decrease in peak frequencies with a change in slope at the transition. The intermediate transition (I 4/mcm ↔ I mma(?) at 1114 K) shows a dip in frequencies with the minimum at the transition temperature. The frequency evolution at the lowest temperature transition (I mma(?) ↔ Pnma at 821 K) is virtually a mirror image of the behaviour at the highest temperature transition. Asterisks mark the single resonance peak that was measured across the full temperature range in order to analyse frequency and Q −1 evolution (figure 6). This peak is representative of all other peaks at this composition.
Dissipation behaviour across the solid solution series, as shown by the inverse quality factor, Q −1 , is displayed in figure 1(b) . These data also show evidence for the three phase transitions at compositions of approximately 43, 65 and 95. Q −1 is low (∼0.001) in the Pnma phase between 0 and 37.5, at which point it starts to increase. This corresponds with the composition at which a slight softening in K and G starts to occur ( figure 1(a) ). In the compositional range 43-95, Q Figure 3 . Stack of RUS spectra for the parallelepiped with composition 45, collected in the frequency range 200-1200 kHz during cooling from 1099 K to room temperature. The y-axis is the same as for figure 2. At this composition, the lowest temperature transition (I mma(?) ↔ Pnma) seen in figure 2 is no longer observed and this composition has the structure of the intermediate phase (I mma(?) ) at room temperature. Asterisks mark the single resonance peak that was measured across the full temperature range in order to analyse frequency and Q −1 evolution (figure 6). This peak is representative of all other peaks at this composition. This stack of spectra is representative of the behaviour of all compositions between 45 and 92.5 which show a very similar evolution of frequencies on cooling, with two phase transitions as a function of temperature (figure 6).
Phase transitions as a function of temperature
Figures 2-5 display a selection of the raw RUS data collected for individual compositions as a function of temperature. All high temperature data has been corrected according to the calibration described in McKnight et al 2009. The stacks show clearly how resonance peaks change frequency with temperature, and there are obvious abrupt changes in slope of the frequency evolution, which are interpreted as being due to phase transitions. The square of the frequency of each mode is known to be directly proportional to the elastic constant(s) associated with that mode (Migliori and Sarrao 1997) . Most of the resonances are dominated by shear and, therefore, the raw data essentially reveal the form of G as a function of temperature. Similarly, line broadening immediately reveals the pattern of dissipation. In some cases, the dissipation is so significant that the peaks disappear, especially in the two intermediate phases, though their frequencies can be followed approximately in most cases due to amplification of instrument noise (as explained in McKnight et al (2009) ). Figure 6 (a) includes the frequency evolution of an individual peak in each set of spectra at all compositions shown as a function of temperature. The associated behaviour of dissipation, Q −1 , with temperature is stacked as a function of composition in figure 6(b). Room temperature frequencies of the peak measured for each composition are listed in table 2, and these peaks are starred in the RUS stacks in figures 2-5.
The evolution of frequencies for composition 20 (figure 2) shows the same pattern of three transitions as a function of temperature as is observed in pure SrZrO 3 and also as a function of composition at room temperature for the solid solution series. At 1198 K, there is a change in slope accompanied by an increase in dissipation that represents the Pm3m ↔ I 4/mcm transition. The dip in frequencies at 1114 K marks the intermediate transition. In this region, dissipation is high, and it is therefore difficult to observe the transition using the Q −1 data. The change in slope of frequency along with a decrease in dissipation associated with the transition to Pnma is at 821 K. All compositions between 0 and 42.5 show a similar pattern of frequency and Q −1 evolution above room temperature, as can be seen in the data for individual peaks plotted in figures 6(a) and (b) respectively. Transition temperatures have all been estimated for these compositions by following the changes in slope of frequency evolution and the associated changes in Q −1 from SrZrO 3 , where the transition temperatures are known independently, to progressively SrTiO 3 richer compositions. The temperatures of the intermediate transition are estimated only from the dip in frequencies. As dissipation is relatively high in this region and peaks are difficult to distinguish from instrument noise, the dip is most easily seen if one views the RUS stacks almost horizontally along the page.
RUS spectra for composition 45 (figure 3) show the Pm3m ↔ I 4/mcm transition at 960 K, and the second transition at 583 K. For this composition, the change in slope and sudden change in Q −1 associated with the transition to Pnma is no longer observed. This interpretation matches the suggestion of Wong et al (2001) , that this transition occurs above room temperature only in SrZrO 3 -rich compositions, though their estimate was that the room temperature transition occurs at composition 40. It has been concluded here, on the basis mainly of the evolution of Q −1 (figure 6(b)) that compositions 40 and 42.5 also undergo this transition above room temperature. The boundary between Pnma and I mma(?) fields is hence placed here between 42.5 and 45. Compositions 55 and 65 show exactly the same pattern of elastic anomalies, but it appears that composition 65 undergoes the intermediate transition with the dip in frequencies just above room temperature (318 K). This transition was not observed in high temperature spectra at the next composition (72.5), and it is concluded that the room temperature transition between intermediate phases, which was not observed in the study by Wong et al (2001) , is at a composition close to but just above 65.
RUS spectra for the next composition, 77.5, were measured at both high and low temperatures (figure 4). Changes in the spectra are consistent with the same two transitions seen in composition 45 (figure 3). The first transition, Pm3m ↔ I 4/mcm, is at 589 K and the second, I 4/mcm ↔ I mma(?), is at 217 K. It is not possible to transfer a parallelepiped between high and low temperature RUS heads without changing its orientation arbitrarily. As a result, resonate peaks have different amplitudes in the two sets of spectra (both are presented as one continuous stack in figure 4 ). This orientational effect, however, has no significant effect on the measured values of peak frequency or Q −1 . Samples 87.5, 90 and 92.5 all show the Pm3m transition above room temperature, as can be seen in figure 6(a) . Note that the apparent change in spectra at ∼300 K corresponds to the changeover from high temperature to low temperature instruments and thus a change in sample orientation. Differences in peak heights are due simply to the acoustic resonances being excited to different extents. Asterisks mark the single resonance peak that was measured across the full temperature range in order to analyse frequency and Q −1 evolution (figure 6). This peak is representative of all other peaks at this composition.
One effect that is noticeable in the more SrTiO 3 -rich end of the solid solution series is that the frequency changes across this transition are more gradual. The sharp change in slope of frequency seen in the SrZrO 3 end member and in Zr-rich compositions is no longer observed and softening occurs over a larger temperature range (up to ∼100 K). This makes the exact temperature for this transition difficult to determine by simply looking at the frequency data. At the Ti-rich end of the solid solution series, therefore, the Pm3m ↔ I 4/mcm transition temperatures are assigned to the temperature at which there is a sudden increase in Q −1 on cooling (see figure 6(b) ). Composition 95 appears to undergo this transition at approximately room temperature. This is the same composition at which Wong et al (2001) also determined the Pm3m ↔ I 4/mcm transition to occur at room temperature.
RUS spectra were collected below room temperature for compositions 90 and 97.5. Both show distinct softening across the stability field of the intermediate phase on cooling, as illustrated for composition 97.5 in figure 5 . Again, evidence for two phase transitions can clearly be observed. Although the changes in slope of frequency evolution are not well defined, they are still visible, and the transitions for composition 97.5 are estimated to be at 194 K (Pm3m ↔ I 4/mcm) and 81 K (I 4/mcm ↔ I mma(?)). In the intermediate phase between the two transitions, the peak analysed for composition 90 softens by ∼100 kHz, and the peak analysed for 97.5 softens much more by ∼300 kHz. This softening may also be seen in compositions 0, 10, 20 and 25, and in the room temperature Figure 5. Stack of RUS spectra for the parallelepiped with composition 97.5, collected in the frequency range 200-1500 kHz during heating from 10 K to room temperature. The y-axis is the same as for figure 2. This composition is cubic at room temperature and shows evidence for two phase transitions. The pattern of evolution of frequencies is similar to that shown through the two high temperature transitions seen in figures 2-4. However, there is a significant decrease in frequencies on cooling across the stability field of the intermediate phase for this composition. Asterisks mark the single resonance peak that was measured across the full temperature range in order to analyse frequency and Q −1 evolution (figure 6). This peak is representative of all other peaks at this composition. data ( figure 1(b) ) as the SrZrO 3 content decreases across what is believed to be the I 4/mcm field. All other compositions appear to have a slight hump in frequencies across this phase region, but most tend to remain relatively constant ( figure 6(a) ). It was noted after the high and low temperature experiments that the parallelepiped with composition 90 had a crack in it, but this appears not to have affected the form of the frequency evolution significantly. Pure SrTiO 3 (composition 100) shows the expected Pm3m ↔ I 4/mcm phase transition at 106 K. Below this temperature, however, dissipation is so high that peaks are not measurable. Dissipation to this extent is only seen in composition 100 of the solid solution series.
SrZrO 3 -SrTiO 3 phase diagram
Transition temperatures estimated by linking common features of the frequency and Q −1 data presented in figure 6 are plotted as a function of composition to make up a possible phase diagram in figure 7. For the end member phases, the transition temperatures determined in this study using RUS techniques match well with previously published data for SrZrO 3 (Howard et al 2000) and SrTiO 3 (e.g. Hayward and Salje 1999) . Composition limits at room temperature for the stability field of the cubic, Pm3m, and orthorhombic, Pnma, phases also match closely with the results of Wong et al (2001) , which are shown as crosses in figure 7 . From powder diffraction data alone, it is not possible to discriminate between I mma and I 4/mcm structures unless the distortions from cubic geometry are measurable. This means that Wong et al (2001) did not consider the I 4/mcm ↔ I mma transition, postulated here to occur between compositions 65 and 72.5. Wong et al (2001) Figure 6. Frequency and Q −1 data for all compositions as a function of temperature. (a) shows the evolution of frequency for individual peaks with respect to temperature for each composition. For every composition, all peaks followed approximately the same form of frequency evolution; each plot is therefore representative of all resonance peaks for that particular composition. The room temperature frequencies of the individual peaks that were analysed for each composition are included in table 2. For the purposes of this figure, all frequencies were normalized to zero at room temperature by a simple subtraction; each plot has then been offset from the x-axis by an amount proportional to the composition which it represents. Similarly, (b) shows the variation of Q −1 with respect to temperature for each composition with each plot being representative of all peaks for that composition. Again, Q −1 plots are offset from the x-axis according to the composition which they represent. Compositions are marked beside each plot as mol% of Ti cations on the B-site, with 0 being SrZrO 3 and 100 being 
Discussion
Room temperature phase transitions as a function of composition
Comparison of the evolution of elastic properties as a function of composition at room temperature (figures 1(a) and (b)) with that as a function of temperature for the end member SrZrO 3 (McKnight et al 2009) appears to show similar behaviour for both. The unusually stiff Pnma phase that is stable up to 1038 K in SrZrO 3 also appears to be stable at room temperature in all compositions up to approximately 43% SrTiO 3 . K , G and Q −1 are observed to have the same form as a function of composition as they do as a function of temperature, with the transition to a higher symmetry structure indicated by slight elastic softening, followed by a discontinuity in K and G and a sharp increase in dissipation. figure 6 . Transition temperatures for SrZrO 3 calculated by Howard et al (2000) are marked as closed diamonds. Room temperature transitions determined by Wong et al (2001) are marked as crosses, and the temperatures between which Wong et al (2001) estimated compositions 50 and 75 to undergo phase transitions are also marked as crosses. The known SrTiO 3 transition at 106 K (Hayward and Salje 1999 ) is marked as a closed circle. Space groups of each phase are labelled. Room temperature is marked as a dotted line. Wong et al (2001) assumed, due to the disappearance of the reflections 'indicative of orthorhombic symmetry', that this is the Pnma ↔ I 4/mcm transition. However, the frequency data in figure 6 show that the pattern of evolution for SrZrO 3 -rich compositions is closely similar to the pattern for pure SrZrO 3 and, hence, that the I mma stability field extends significantly across the phase diagram. The transition at 43% SrTiO 3 is therefore tentatively assigned to Pnma ↔ I mma.
The elastic behaviour of the phase which is stable at room temperature between compositions 43 and 65% SrTiO 3 shows very similar behaviour to the I mma phase observed between 1038 K and 1122 K in SrZrO 3 , with elastic softening across the stability field away from the Pnma transition, and high Q −1 throughout. The variation of G through composition 65 shows the same dip in frequencies and large peak in Q −1 as is seen for the I mma ↔ I 4/mcm transition in SrZrO 3 at 1122 K. It therefore seems sensible to assume that this phase is indeed the I mma structure. From the reflections present in x-ray diffraction patterns the intermediate phase appears at least to be one with an R-point distortion but no M-point distortion operating in the structure. High resolution powder diffraction data might allow the structure type to be confirmed more definitively.
Between compositions 65 and 95% SrTiO 3 the I 4/mcm structure is assumed to be stable, given that it has been refined as such by Wong et al (2001) , and that it transforms to the high symmetry cubic structure with the same form as is seen in SrZrO 3 . This phase has similarly high Q −1 to the intermediate phase, I mma(?), discussed above, in the same way as the I mma and I 4/mcm phases have in SrZrO 3 , and it stiffens with increasing Ti content towards the tetragonal ↔ cubic transition at composition 95. At the Ti-rich end of the solid solution series (above composition 95), the structure exhibits much greater stiffness and very low Q −1 just as is seen in SrZrO 3 above 1367 K when the Pm3m phase is stable, and also in (Ca 0.05 Sr 0.95 )TiO 3 at temperatures above 240 K (Walsh et al 2008) .
High temperature transitions in Zr-rich compositions
The anomalous behaviour at high temperatures of compositions at the Zr-rich end of the solid solution is important to note. The dip of resonance frequencies and peak in Q −1 as a function of temperature, which has been ascribed to the middle phase transition (I mma(?) ↔ I 4/mcm), occurs at an almost constant temperature from the pure end member SrZrO 3 up to composition 20, before starting to fall off (figure 7). High temperature RUS measurements were repeated several times for samples around composition 20 to confirm that this result is reproducible. Further characterization of the high temperature structures at intermediate compositions will be necessary, to determine if this feature reflects a fundamental change in the topology of the phase diagram due, say, to some other change in structure. It can, however, be concluded from the similarity of the elastic behaviour shown by SrZrO 3 -rich compositions to that of pure SrZrO 3 that the hierarchy of phase transitions seen in SrZrO 3 , as presented by Howard et al (2000) and in the accompanying paper (McKnight et al 2009) , persists across the SrZrO 3 -SrTiO 3 solid solution to at least a composition with 20 mol% SrTiO 3 .
High temperature transitions as a function of composition
Above composition 20, the continued smooth curve of the cubic ↔ tetragonal phase boundary (figure 7) is consistent with the expectation that all compositions across the solid solution undergo the Pm3m ↔ I 4/mcm transition. In addition, this transition is well characterized as Pm3m ↔ I 4/mcm for both end member phases.
The intermediate transition for all compositions greater than 20 again shows a very regular, smooth curve in the phase diagram (figure 7). This suggests that, whether the transition is I 4/mcm ↔ I mma or I 4/mcm to another phase, it is the same transition for all compositions between 20 and 97.5. In frequency and Q −1 measurements (figure 6), it shows exactly the same pattern of evolution as is seen for Zr-rich compositions.
The smooth variation of the lowest temperature phase boundary suggests that the Pnma ↔ I mma transition observed in SrZrO 3 persists for all compositions up to ∼43% SrTiO 3 at room temperature.
Mechanical properties of the different phases
A striking feature of figure 6(b) is that anomalies in Q −1 are restricted to a temperature interval which appears to be bounded by the stability fields of the Pnma and Pm3m phases. Dissipation behaviour at RUS frequencies is thus clearly restricted to I 4/mcm and I mma(?) structures, with temperature being either irrelevant or only a minor factor.
Mobile defects are always a possible cause of mechanical dissipation effects and transformation twin walls, in particular, have attracted considerable attention recently in this context (e.g. Harrison and Redfern 2002 , Harrison et al 2003 , 2004b , 2004c . Mobile interfaces between coexisting phases at a first order transition can have a similar influence (e.g. Wang et al 2000 , Zhang et al 1995a , 1995b , Pérez-Sáez et al 1998 , Harrison et al 2004a , Sondergeld et al 2006 . As discussed in McKnight et al (2009) , transformation twin walls must exist in Pnma, I mma and I 4/mcm structures. We can now speculate that mechanical dissipation due to transformation microstructures may be switched off simply by the development of a second order parameter. The microstructures appear to be mobile and/or other factors contribute to the dissipation in systems with one non-zero order parameter (e.g. I 4/mcm or I mma) but these contributions appear to be suppressed by coupling with a second order parameter (e.g. Pnma).
Comparison with the (Ca,Sr)TiO 3 solid solution series
There are clearly close analogies between the properties and behaviour of the SrZrO 3 -SrTiO 3 solid solution and those of the CaTiO 3 -SrTiO 3 solid solution. The topology of the phase diagram emerging from the present study is broadly the same as that summarized for (Ca,Sr)TiO 3 by Carpenter et al (2006) . In terms of the main trends of transition temperatures and stability fields, substituting a large cation (Sr, ionic radius ≈1.44Å) for a small cation (Ca, ≈1.34Å) on the A-site has the same effect as substituting a small cation (Ti 4+ , ≈0.61Å) for a large cation (Zr 4+ , ≈0.72Å) on the octahedral B-site (ionic radii from Shannon 1976) .
It remains to be seen whether the Pbcm phase of (Ca,Sr)TiO 3 appears at low temperature in Sr(Zr,Ti)O 3 but, otherwise, the main difference between the two systems at this stage is in the appearance of the I mma structure. This structure develops in other perovskites (e.g. BaCeO 3 : Genet et al 1999 , Knight 1994 , 2001 ; CaTiO 3 -La 2/3 TiO 3 : Zhang et al 2007; SrSnO 3 : Glerup et al 2005 , Mountstevens et al 2005 and probably has a stability field which is never very far from that of the I 4/mcm or R3c structures.
It is interesting to note that the possible I 4/mcm ↔ I mma transition shown in figure 7 would extrapolate to ∼60 K in pure SrTiO 3 , almost coinciding with the temperatures at which anomalies in the elastic and piezoelectric properties appear (e.g. Scott and Ledbetter 1997, Grupp and Goldman 1997) .
Conclusions
In conclusion, the present study shows that the hierarchy of octahedral tilting transitions, Pm3m ↔ I 4/mcm ↔ I mma ↔ Pnma, gives rise to a characteristic pattern of elastic and anelastic anomalies. Structure type is more important than temperature in determining these properties, and selection of composition would allow selection of elastic stiffness and acoustic dissipation if such effects are desirable (or undesirable) for technological applications.
